Although the use of a gene specific deoxyribonucleic acid (DNA) probe is the method of choice for detecting carriers of genes for rare genetic disorders, there will always be families in which such probes cannot be used because key subjects are not informative for restriction fragment length polymorphisms in or around the gene. In these cases closely linked DNA markers have to be used.
Introduction
Haemophilia A (deficiency of factor VIII) is inherited as an X linked recessive disorder with an incidence at birth of 1-2/10 000 boys.' 2 The genetic locus for haemophilia A is found in band q28 of the X chromosome.' Tests to detect female carriers based on estimation of amounts of factor VIII:C and factor VIIIR:antigen are only about 80% accurate,4 and more reliable tests are needed. Prenatal diagnosis depends on the sampling of fetal blood at 18 weeks' gestation, leading to a late termination of pregnancy in affected cases. ' Chorionic villus sampling allows fetal sex to be determined at nine weeks' gestation by analysis of chromosomes.6 Deoxyribonucleic acid (DNA) from such samples may also be used to determine fetal sex7 or for prenatal diagnosis of specific diseases provided that the appropriate DNA probes are available. 8 An X chromosome specific DNA probe, DX13, is closely linked to the haemophilia A locus.9 When DNA is digested with the restriction enzyme BglII this probe shows a restriction fragment length polymorphism for which half of women are heterozygous, making DX 13 a potentially useful probe for detecting carriers and for prenatal diagnosis, either on its own or in combination with conventional tests.
The factor VIII:C gene has been cloned and all the coding regions sequenced.'0 A single Bc1I restriction fragment length polymorphism has been found in the factor VIII gene," and both prenatal diagnosis and detection of carriers using this polymorphism have been reported.'2'3 In a proportion of women, however, detection of carriers and prenatal diagnosis using the factor VIII:C probe may not be possible as key women in the pedigree may not be heterozygous for the restriction fragment length polymorphism within the gene. In these families back up systems would have to be used. We describe here the use of the DX13 probe to detect carriers and for prenatal diagnosis of haemophilia A in a small consecutive series of cases to emphasise the complexities inherent in using linked probes.
One limitation is that the mother of a fetus at risk, or of a woman seeking to establish whether she is a carrier, has to be heterozygous for the restriction fragment length polymorphism around the linked probe to allow one X chromosome to be distinguished from the other. If the woman is heterozygous analysis of other family members is necessary to establish which X chromosome carries the BRITISH MEDICAL JOURNAL VOLUME 291 haemophilia mutation. Clearly, if a woman is known to have inherited the haemophilia mutation from her mother the restriction enzyme pattern of her father's X chromosome defines which of her X chromosomes is not carrying the haemophilia mutation, and therefore her linkage phase is known. Deducing the linkage phase, however, can be complicated by new mutations and crossovers or genetic recombination between X chromosomes during the formation of ova and is made more difficult if key members of the familv are unavailable for testing. The closer the marker DNA probe sequence is to the mutation causing the disease the less likely are the two to be separated by crossing over and the more likely are predictions to be correct.
The principles described here are appropriate to the general problem of assignment of genes, using linked DNA probes in any genetic disorder.
Subjects
Family A was known to both the department of haematology, King's College Hospital, and the haemophilia centre, Royal Free Hospital. Family B was known to the Royal Free Hospital and was referred to the department of obstetrics, University College Hospital, for chorionic villus sampling.
Possible carriers of haemophilia A who could potentially be provided with further information by the use of the DX 13 probe were ascertained through the haemophilia centres of the Royal Free Hospital and the Hospital for Sick Children, Great Ormond Street. These subjects were premenopausal women whose appropriate family members were available for examination by the linkage approach. Twenty three mothers of a total of 36 women were tested to see whether they were heterozygous for the DX 13 probe.
Methods
Venous blood samples (about 10 ml) were collected into edetic acid and the DNA extracted from white cells by standard techniques."' Chorionic villus samples were obtained by the transcervical route under ultrasound guidance. In family A aspiration biopsy was carried out with a malleable silver cannula. '5 In family B a Portex catheter was used, as previously described.'6 The chorionic villus sample was checked microscopically to exclude contamination with maternal decidua before incubation at 56°C for three hours in 250 Lil 0 075M sodium chloride and 0 025M edetic acid, 12 5 ii 10% sodium dodecylsulphate, and 10 ,Ld proteinase K. This was followed by extractions with phenol, phenol plus chloroform, and finally twice with chloroform. The DNA was then precipitated with ethanol and reconstituted in 100 ,ul TE, pH 8 0 (10 mM TRIS (trometamol), 1 mM edetic acid recombination fraction of 0-0 (95% confidence limits 8%; 90% confidence limits 6%). Further data from studies that have used the factor VIII and DX 13 probes in normal families give an additional Lod score of 7 8 with no recombination. " Combining these two sets of data gives the 95% confidence limits of the recombination fraction as 0-4 -5%.
Conventional tests to detect camrers-Assays of factor VIII:C and factor VIIIR:Ag were carried out, as described previously.' A group of 32 obligate carriers and 31 healthy female controls was used to calculate a linear discriminant function that could be used to assign probabilities of carrier state to women at risk.'9 Calculation ofgenetic risks was done by hand calculation,20 programmable calculators,"' and the computer programs Liped2223 and Linkage. 24 
Results

FIRST TRIMESTER PRENATAL DIAGNOSIS
A woman, II-6, from family A (fig 1) , which was known to the haemophilia centre and obstetric services, presented with her third pregnancy at seven weeks' gestation. Two male fetuses from previous pregnancies had been diagnosed as having severe factor VIII deficiency after samples of fetoscopic II   III   II   III   IV 2 ' . blood had been examined at 18 weeks' gestation. In both cases the parents had opted for termination of the pregnancy. The pedigree indicates that this woman, II-6, had inherited the haemophilia mutation from her mother, I-2, who had had four brothers and two sons who had died from haemophilia. Chorionic villus sampling was performed at 10 weeks' gestation, and about 20 mg of material was obtained for analysis of DNA. Chorionic villus DNA hybridised strongly with the Y specific probe pHY 2-1, indicating that the fetus was male. Figure 1 shows the segregation of the alleles for the BG1II restriction fragment length polymorphism obtained by using the DX13 probe. The propositus, II-6, and her mother, I-2, were heterozygous, having both the 5-8 kb band (allele 1) and the 2-8 kb band (allele 2). The linkage phase between these alleles and the haemophilia mutation in the propositus could be established only by finding which allele she had received from her non-haemophilic father, I-1. His X chromosome carried allele 2 so his daughter must have inherited an X chromosome carrying both the haemophilia mutation and the restriction fragment length polymorphism allele 1 from her mother. It was this X chromosome that she had transmitted to her fetus, III-8, as analysis of chorionic villus DNA showed only a 5 8 kb band (allele 1). Excluding the unlikely event of a crossover between DX 13 766 21 SEPTEMBER 1985 I 1 and the haemophilia mutation or an erroneous assumption of the paternity of the woman, II-6, this result predicted that the fetus, III-8, was affected.
Comparison of 12 blood groups between the woman, II-6, and her parents showed no evidence of non-paternity. The parents were told the fetus had at least a 95% chance of being affected, and they opted for termination of pregnancy by vaginal aspiration at 12 weeks' gestation. Immediately before this procedure, with the mother's consent, a fetal blood sample was obtained by cardiac puncture under ultrasound guidance. This showed no factor VIII activity by the factor VIII:C antigen assay,25 thus confirming the diagnosis.
Family B (fig 1) was known to the haemophilia centre, where the propositus, III-3, had had conventional coagulation tests that had given her an overall probability of being a carrier of haemophilia A of 29%. During her first pregnancy she had opted for determination of fetal sex by analysis of fetal chromosomes after amniocentesis at 16 weeks' gestation and, fortunately, was carrying a girl, IV-1. She presented again during her second pregnancy at seven weeks' gestation, and blood samples for DNA analysis with the DX 13 probe were obtained from her parents and haemophilic brother.
Her brother, 111-1, had inherited allele 1 (5-8 kb band) together with the haemophilia mutation from his mother, II-2, who was homozygous for allele 1. As the mother was homozygous this restriction fragment length polymorphism could not be used to determine the carrier state in the propositus, III-3. Her father, II-1, however, carried allele 2, and thus the propositus was heterozygous with the haemophilia mutation if she was a carrier, in linkage phase with allele 1.
Chorionic villus sampling was performed at 8-5 weeks' gestation, and about 20 mg of material was obtained for DNA analysis and fetal karyotyping. All results were available 10 days later. An insufficient number of good quality metaphase spreads was obtained to enable a complete karyotype analysis, but fluorescent Y chromosomes were observed in 15 metaphase spreads, indicating a male fetus. The DNA from the chorionic villus hybridised strongly with the Y specific probe (pHY 2-1), indicating male sex, and analysis with DX 13 showed that the fetus had inherited allele 2, the X chromosome that originally came from the non-haemophilic grandfather, 11-1. In this case errors could not arise from non-paternity, and incorrect prediction of the outcome depended on the chance of a crossover between DX13 and the haemophilia loci. This had a 95% confidence limit of 5%, and as any crossover would occur with an X chromosome that had a 29% chance of carrying the haemophilia mutation (from coagulation results) the overall chance of the fetus being affected was no greater than one in 60 (0 05 x 0 29 0-0145%).
The parents had to decide whether they wanted to take this low risk or seek confirmation by sampling of fetal blood at 18 weeks' gestation. Fortunately, before 18 weeks' gestation further gene tracking studies with the Bc I1 restriction fragment length polymorphism detected by the gene specific factor VIII probe indicated that the propositus was not a carrier (E G D Tuddenham, personal communication), and no further prenatal tests were carried out.
CARRIER DETECTION
Of the 23 mothers tested, 14 were heterozygous for the DX13 probe-that is, the probe could be used to predict carrier state in their daughters. These mothers had a total of 26 daughters, of whom nine were tested.
To show the various factors that must be taken into account in estimating genetic risks the potential female carriers were classified according to the nature of the pedigree. These are described in detail below. Table I gives the risk values of being a carrier of haemophilia A.
Linkage phase of mother ofpotential female camrer is knowzn, DX13 probe used alone. Other pedigree information can be used (fig 2) A woman, I-1, from family C, is a double heterozygote for the haemophilia A gene mutation and the DX 13 marker alleles. She received allele 1 at the marker locus from her affected father. She must therefore carry the haemophilia A gene on the same X chromosome as allele 1 at the marker locus and her linkage phase is therefore known. Two daughters have affected sons and are obligate carriers. Three other daughters each have a normal son and are potential carriers. Daughter I11-1 must have received marker allele 2 from her mother. This means that she can carry the haemophilia A gene only if a crossover has occurred between the haemophilia A and marker locus. As she has a normal son the chance of being a carrier is lowered. The final probability of her being a carrier, calculated from Bayes's formula assuming a recombination fraction of 5% (table II) , is one in 39. Similar calculations may be made for the other daughters.
Mother ofpotential camrers is a phase knovn double heterozygote. Conventional tests to detect camrers are available (fig 3) In family D the mother, II-1, is also a phase known double heterozygote. Her daughter, III-1 has received the same marker allele 2 as her affected brothers. Results of conventional carrier detection tests in the daughter suggest that she has a 91:1 chance of being a carrier. These data can be combined using Bayes's formula to give a final probability of (0-95x91)/ [(0 95x91)+(0 05x1)]=0 999.
Linkage phase of mother of potential camrer is unknown. Conventional tests to detect camrers are available.
In family E (fig 3) the mother I-1 is highly likely to be a carrier for the haemophilia A gene as she has one affected son and factor VIII studies yielded very abnormal results. She is also heterozygous at the DX13 locus. Her parents were not available for study, however, so her linkage phase is unknown. Her linkage phase can be inferred from her affected son, who has received allele 2, and her normal son, who has received allele 1 at the marker locus. Nevertheless, because of the small chance of two crossovers having occurred, there is a small possibility of error Exact calculation by hand of linkage phase using information from the sons and estimation ofcarrier state of the daughter, II-1, is complex,22 but computer programs may be used.2425 In this case the probability of the daughter, II-1, being a carrier is 0-052 (one in 19) from marker studies alone and 0-0025 (one in 400) when these studies are combined with conventional carrier tests. Mother ofpotential camrer is linkage phase unknown and may have given rise to a new mutation (fig 4) In families F and G the mother of the potential carrier has one affected son, although there is no family history of haemophilia. She could carry the haemophilia A gene or, alternatively, the affected boy could have arisen as a new mutation, in which case the mother would not be a carrier. Estimation of risks is complex and depends on the number and relationship of normal men in the pedigree, assumptions about the genetic fitness of affected men, and the ratio of new mutations in sperm and ova20 as well as on information from marker studies and conventional tests to detect carriers. In these two examples a genetic fitness of affected men of 70% and a sperm to ovum mutation rate of nine were assumed. Again, computer programs are necessary in all but the simplest cases. In family F, although daughter III-4 has received the same marker allele as her affected brother, her chance of being a carrier, based on data on pedigree and DX13 alone, is 0 58. This is because her brother could have received a new mutation and the linkage phase of her mother is unknown. Similar uncertainty is encountered in the calculation of the risks for daughter IV-1 in family G when using data on DX13 alone. The combined use of factor VIII assays, however, strongly suggests that she is a carrier.
Data on linkage conflict with results from coagulation tests A woman, II-1, from family H (fig 4) is heterozygous at the DX13 and haemophilia A loci. Furthermore, she has received the haemophilia A gene on the same X chromosome as allele 2 from her father. Thus the normal allele at the factor VIII:C locus is on the same X chromosome as allele 1, and her linkage phase is therefore known. The daughter III-1 has received allele 2 from her mother. If there has been no crossover daughter III-1 must carry the haemophilia A gene. A 95% risk is given because of the chance of a crossover. Daughter III-2 has received marker allele 1 from her mother and has a 5% chance of carrying the haemophilia A gene.
When the results from coagulation studies are considered, however, although for daughter III-I they are compatible with her being a carrier for haemophilia A, for daughter III-2 they are not compatible with the prediction that she is not a carrier. The results from coagulation studies were repeated in daughter III-2 and indicated the strong possibility of a crossover between the DX13 and haemophilia A loci.
It is possible in this family to show that a crossover occurred by the use of BclI polymorphism within the factor VIII probe itself. This suggests that both daughters, III-1 and III-2, inherited the abnormal gene at the haemophilia A locus. It is necessary to test the father, II-2, to discover which marker allele daughter III-2 received from her mother, and non-paternity could also explain the conflicting results. In this family blood groups and results of HLA testing made non-paternity extremely unlikely, and, therefore, this may represent the first observed crossover between the factor VIII:C locus and DX13.
Discussion
The above examples show several important points in the prenatal diagnosis and estimation of carrier state for haemophilia A using linked DNA probes. Members of the family other than the fetus or subject at risk must be tested-that is, the mother and affected and unaffected brothers as well as the maternal grandparents, if possible, and the father. The possibility of non-paternity must always be considered when interpreting the results. In certain cases correct prediction of the haemophilia A genotype requires knowledge of the marker type in the true father. In these cases testing for paternity by either conventional techniques or newer DNA techniques26 is essential.
Only a proportion of female carriers will be heterozygous at the marker locus-that is, their two X chromosomes are different for this marker. If the mother of a potentially affected fetus or female carrier is not heterozygous (in about halfof the cases with DX 13) the probe cannot be used to predict the haemophilia A genotype.
The accuracy of predictions depends on the proximity of the DNA probe to the disease locus on the X chromosome. This can be estimated only from family data and will have specific confidence limits. In this study a conservative estimate of the genetic distance (or recombination fraction) was used. This corresponded to the 95% confidence limits of the recombination fraction-that is, 5%.
Conventional The suction biopsy capsule is widely used' to provide specimens from the proximal jejunum that are large enough for correct orientation, histological interpretation, and biochemical study.2 Nevertheless, the method has disadvantages. The need for radiological screening makes it unsuitable for repeated use in young
